The present experimental investigation deals with the deposition of electroless Ni-P-W coating on mild steel substrate and optimization of tribological parameters for better tribological behaviour like minimization of wear depth and coefficient of friction. Three tribological test parameters, namely, load, speed, and time, are optimized for minimum friction and wear of the coating. Friction and wear tests are carried out in a multitribotester using block on roller configuration under dry conditions. Taguchi based grey relational analysis is employed for optimization of this multiple response problem using L 27 orthogonal array. Analysis of variance shows that load, speed, time, and interaction between load and speed have significant influence on controlling the friction and wear behavior of Ni-P-W coating. It is observed that wear mechanism is mild adhesive in nature. The structural morphology, composition, and phase structure of the coating are studied with the help of scanning electron microscopy (SEM), energy dispersive X-ray analysis (EDX), and X-ray diffraction analysis (XRD), respectively.
Introduction
Most of the engineering components undergo rubbing action due to which wear takes place on the surface of the components and become useless after a certain period. Life and performance of these engineering components can be extended by applying hard coatings over the surface of the components. The thickness of coatings ranged between 10 and 500 m and their rates of deposition can provide the required product quality at relatively low capital and operating costs. Among the various metallic coating procedures based on aqueous solutions, most metals are electroplated since electroplating is technically straightforward and less expensive than electroless (autocatalytic) deposition. On the other hand, electroless deposition is of industrial importance mainly for copper, nickel, and some nickel based alloys. Industrial use of electroless deposition method continues to increase due to its good anticorrosion, antifriction, and wear protection properties. Electroless method has several advantages over electroplating technique, except for the life of the bath. The advantages include the quality of the deposit, namely, the physical and mechanical properties.
In this process, a sharp edge receives the same thickness of deposit as a blind hole does and it offers extremely bright deposits, which are comparable with electroplated ones. The desirable properties can be varied by choosing different pH, temperature, and composition of the bath. Electroless nickel coatings have received the greatest commercial importance among the electroless coatings. Since the discovery of electroless/chemical coating process in 1946 by Brenner and Riddell [1] , series of research studies have been performed and the process is accepted by various industries like electrical, aerospace, automotive, chemical, electronics, and so forth [2, 3] . In electroless coating process, the substrate is submerged into a chemical solution called bath which consists of solution of metal ions, reducing agent, complexing agents, stabilizers, buffer solution, and so forth at a certain temperature. Because these protective coatings are chemically applied, they create deposits of highly consistent depth across all surfaces, including edges and complex interior geometries. Electroless nickel coatings are the popular variant of electroless coatings which possess some distinct collection of properties like good corrosion resistance, high wear resistance, low friction, fast plating rate, good chemical resistance, Journal of Coatings and so forth. Hypophosphite reduced nickel-phosphorous and borohydride reduced nickel-boron coatings have already gained immense popularity particularly due to excellent hardness, anticorrosion, and tribological properties [4] [5] [6] . The basic binary Ni-P deposit with high phosphorus content is a phosphorus supersaturated solid solution, exhibiting amorphous structure. After suitable heat treatment, the Ni-P coating can be strengthened with the crystallization of nickel and nickel phosphide [7] . However, the hardness of the coating is degraded with excessive heating at elevated temperature. Heating of chemical deposits is done primarily to eliminate hydrogen embrittlement in the substrate and to have enhanced deposit hardness, abrasion resistance, and enhanced adhesion to the substrate. Heating can enable the absorbed hydrogen to diffuse out of the components, which gets introduced into the components during deposition processes and increases the wear resistance [8] . Remarkable improvement in wear resistance of the coatings has been reported when hard particles are incorporated [9] . Choice of the particles depends on the desired property. In the field of tribology, nickel based composite coatings can be divided into two major categories, that is, lubricating composite coatings and wear-resistant composite coatings. The wearresistant composite coatings usually have codeposited hard particles such as W, SiC, Al 2 O 3 , B 4 C, and diamond, and they usually have increased hardness and wear resistance as compared to binary Ni-P coating.
Pearlstein and Weightman [10] first presented the Ni-P-W ternary alloy in 1963 and, since then, many investigations on Ni-P-W ternary alloy have been reported. Most of these studies aim to have better tribological properties or hardness of the coating or the characteristics of the deposition on the basis of the composition of chemicals of the coating and the heat treatment temperature. But the wear rate, mechanism of wear, or coefficient of friction of Ni-P-W coating may vary due to different combination of the tribological parameters like load, speed, time, type of lubricants, and so forth. Generally, the mechanism of wear of Ni-P deposit depends on the attractive force that operates between the atoms of nickel from the coating and element from the counter disk. Adhesive wear takes place when two nominally flat solid surfaces are in sliding contact. At the interface asperities, contact and bonding take place due to adhesion. These contacts get sheared during sliding, resulting in detachment of a fragment from one surface and its attachment to the other surface or formation of wear particles. According to Archard's theory of wear, shearing of the asperity junctions can occur in one of the two bodies depending on the relative magnitude of interfacial adhesion strength and the breaking (shearing) strength of the surrounding local regions. Adhesive wear is characterized by the transfer of material from one surface to the other as a form of wear debris. There are several factors which influence the adhesive wear; these are load, speed, time, hardness, degree of adhesion between the interacting surfaces, and the rate of formation of surface oxide film. If the materials are hard or have low mutual solubility then mild adhesive wear takes place. Mild adhesive wear can lead to considerable formation of oxide layer at the contacting surface resulting in a low or negative wear depth profile.
Wear and friction measurements carried out on Ni-P and Ni-P-W coatings [11, 12] reveal that wear resistance of the coating increases with the increase of tungsten content under a 40 N loading condition. This is due to the solid solution strengthening of nickel matrix by tungsten. The coefficient of friction is found to be high and further increased with the increase of applied normal load. The frictional coefficient is found to be higher in as-plated condition compared to heat-treated condition. The wear rate is correlated with the hardness value. The hardness of these coatings is also seen to increase with increasing tungsten content [13] [14] [15] [16] [17] . It was observed that wear rate increases with increasing load and Ni-P-W coatings show higher wear resistance. Specific wear rate is seen to be the lowest in the case of coatings subjected to heating at 500 ∘ C. This is due to the maximum hardness of the coatings achieved by heating at this temperature. When heated beyond this temperature the specific wear rate is found to increase due to softening of coatings by grain coarsening. The increase in hardness takes place due to the precipitation of fine Ni crystallites and Ni 3 P during phase transition [8, [18] [19] [20] [21] [22] . The hardening effect of the fine Ni 3 P particles is assumed to result from their higher strength and shear modulus.
As the Ni-P-W ternary alloy coating has emerged as a hard coating in the field of tribology, the tribological parameters like load, speed, time, lubricant, and so forth need to be optimized for better tribological (both friction and wear) behavior of this coating. In this experimental investigation an attempt has been made to find out the optimum combination of the tribological parameters for minimum friction and wear characteristics simultaneously. As coefficient of friction and wear both are to be minimized, so it belongs to multiresponse problem. Optimization of multiple quality characteristics is much more complicated than optimization of a single quality characteristic. Improving one particular quality characteristic may lead to serious degradation of other critical quality characteristics. To convert this multi-response problem into an equivalent single response problem the grey relational analysis is adopted. Hence, the present investigation is formulated into an optimization problem based on grey relational analysis coupled with Taguchi method. The basic aim of the investigation is to find the optimum combination of tribological test parameters for minimum friction and wear so that Ni-W-P coatings can be used in appropriate tribological applications. Moreover, the coating is characterized with the help of SEM, EDX, and XRD in order to understand the microstructural characteristics of coatings.
Experimental Details

Preparation of Substrate.
Square shaped mild steel specimen of size 20 mm × 20 mm × 8 mm is used as substrate for the deposition of Ni-P-W coating. This particular dimension of the substrate is chosen in accordance with its counterpart in the multitribotester apparatus where the sample has to be fitted for tribological testing. Shaping, parting, and milling operation is performed sequentially to prepare the specimens from the raw material. Finally surface grinding process is employed to make the surface of the blocks smooth enough because the tribological characteristics of a surface may depend on its surface roughness. Now, as electroless nickel coatings generally follow the surface profile of the substrate, the prepared substrates in the present study should have similar surface roughness. Hence, all the substrates before coating are subjected to roughness evaluations (center line average values, ) and the substrates which showed as little as about 0.1% variation in roughness are selected for electroless Ni-P-W coatings. The roughness measurements are carried out using a surface profilometer (Taylor Hobson, Surtronic 3+) and the average roughness of 0.49 m is obtained. The samples are cleaned from foreign matter and corrosion products by wiping. After that, surfaces of the mild steel specimens are cleaned using distilled water. The specimens, after thorough cleaning, are etched with 50% hydrochloric acid for 1 min. Subsequently, they are rinsed in distilled water followed by methanol cleaning prior to coating.
Coating Deposition.
The bath composition and operating conditions for Ni-P-W coating are selected after several trials and proper ranges of the parameters are chosen accordingly. Table 1 indicates the bath composition and the operating conditions for successful coating of Ni-P-W on mild steel substrate. Nickel sulphate is used as the source of nickel while sodium hypophosphite is the reducing agent. Sodium tungstate solution is used as the source of tungsten ion. The bath is prepared by adding the constituents in appropriate sequence. The pH of the solution is maintained at around 7-8 by continuous monitoring with a pH meter. The cleaned samples are activated in palladium chloride solution at a temperature of 55 ∘ C. This is necessary because catalytic nuclei of metal M on a noncatalytic surface S may be generated in an electrochemical oxidation-reduction reaction,
where M z+ is the metallic ion and M is the metal catalyst. The preferred catalyst is Pd, and thus the preferred nucleating agent M z+ is Pd 2+ (from PdCl 2 ). Activated samples are then submerged into the chemical bath which is maintained at a temperature between 90 and 92 ∘ C with the help of a hot plate cum stirrer, attached with a temperature sensor which is also submerged in the solution. The deposition is carried out for a period of 3 hours. The range of coating thickness is found to be around 35 m. After the deposition, the samples are taken out of the electroless nickel bath and washed in distilled water. Then the samples are heat-treated in a box furnace. Each specimen is coated and heat-treated in air (annealed at 400 ∘ C for 1 h) separately. The proposed scheme for the reaction mechanism in the deposition of ternary Ni-P-W is as follows [23] :
Choice of Design Factors.
The design factors or input parameters are the experimental parameters which are varied within a specific range to obtain a desired result of the response variables (output parameters). Basically the aim is to obtain an optimum combination of design factors for the best possible value of response variables (output parameters). There are a large number of factors that can be considered for controlling the tribological behaviour of Ni-P-W coatings. However, review of the literature shows that the following three parameters are the most widespread amongst the researchers to control the tribological performance of coatings: load (A), speed (B), and time (C). These three factors are considered as main design factors along with their interactions in the present study. Table 2 shows the design factors along with their levels. Three levels are selected to observe the nonlinear effect of responses due to the variation of parameters. The middle level of each parameter is considered as initial condition. With reference to this combination of parameters, this experimental investigation aims to find out the optimum combination of parameters for better tribological behavior. The levels and ranges of the design factors are so selected considering the smaller thickness of the coatings (around 35 m). Otherwise, through coating wear may occur. For the present study the response variables are coefficient of friction and wear depth.
Planning of Experiment.
The study tries to utilize Taguchi method [24] to find the best possible combination of process parameters that can achieve the desired performance of tribological behavior of Ni-P-W coatings. The process parameters that influence the quality characteristics of tribological behavior are selected on the basis of literature review. The quality characteristics that need to be improved include minimization of wear depth as well as coefficient of friction. Both quality characteristics possess the smaller the better property. The study considers three equally spaced levels for each design factor to estimate the impact of noise factors. According to the number of design factors and their levels and also considering the effect of individual factors as well as the interactions, a L 27 (3 3 ) orthogonal array is selected to proceed with the experiments. The L 27 orthogonal array (OA) is shown in Table 3 . Here each column represents a specific factor, each row represents an experimental run, and the cell values indicate the factor settings for the run. Three factors each containing 3 levels can combine in 27 possible ways such as (1, 1, 1), (1, 1, 2), (1, 1, 3), (1, 2, 1), (1, 2, 2), and (1, 2, 3). When three columns of an array form these combinations the same number of times, the columns are said to be balanced or orthogonal. Thus, all the columns of this array are orthogonal to each other. As this study includes three levels so for the three individual factors the total degree of freedom is 6 ((3 − 1) × 3 = 6), and for the three two way interactions the total degree of freedom is 12 ((3 − 1) × (3 − 1) × 3 = 12). So the total degree of freedom considering the individual factors as well as their interactions is 18. So, in the present investigation, an L 27 OA, which has 27 rows corresponding to the number of tests (26 degrees of freedom) with 13 columns at three levels, is chosen. As per the requirements of the L 27 OA, the 1st column is assigned to the load (A), the second column is 1  1  2  2  2  2  2  2  2  2  2  3  1  1  1  1  3  3  3  3  3  3  3  3  3  4  1  2  2  2  1  1  1  2  2  2  3  3  3  5  1  2  2  2  2  2  2  3  3  3  1  1  1  6  1  2  2  2  3  3  3  1  1  1  2  2  2  7  1  3  3  3  1  1  1  3  3  3  2  2  2  8  1  3  3  3  2  2  2  1  1  1  3  3  3  9  1  3  3  3  3  3  3  2  2  2  1  1  1  10  2  1  2  3  1  2  3  1  2  3  1  2  3  11  2  1  2  3  2  3  1  2  3  1  2  3  1  12  2  1  2  3  3  1  2  3  1  2  3  1  2  13  2  2  3  1  1  2  3  2  3  1  3  1  2  14  2  2  3  1  2  3  1  3  1  2  1  2  3  15  2  2  3  1  3  1  2  1  2  3  2  3  1  16  2  3  1  2  1  2  3  3  1  2  2  3  1  17  2  3  1  2  2  3  1  1  2  3  3  1  2  18  2  3  1  2  3  1  2  2  3  1  1  2  3  19  3  1  3  2  1  3  2  1  3  2  1  3  2  20  3  1  3  2  2  1  3  2  1  3  2  1  3  21  3  1  3  2  3  2  1  3  2  1  3  2  1  22  3  2  1  3  1  3  2  2  1  3  3  2  1  23  3  2  1  3  2  1  3  3  2  1  1  3  2  24  3  2  1  3  3  2  1  1  3  2  2  1  3  25  3  3  2  1  1  3  2  3  2  1  2  1  3  26  3  3  2  1  2  1  3  1  3  2  3  2  1  27  3  3  2  1  3  2  1  2  1  3  1  3  2 assigned to speed (B), the fifth column is assigned to time (C), and six columns are assigned to the two-way interactions of the first three factors, while the remaining three columns are for error terms. In the present experimentation each test is repeated three times. Two quality characteristics were measured by a multitribotester machine and then integrated by the grey relational analysis [25] with considerations of correlation and weighting. The optimal process parameters are determined by the response table and response graph of the grey relational grade. Figure 1 shows the flowchart of the experiment design. The optimal combinations of the process parameters attained by the data analysis can be used to predict the optimal grey relational grade and the corresponding confidence interval. The predicted grey relational grade of individual quality characteristic served as the criterion for comparison with the confirmation experiment. The final step of the experiment design is to verify the improvement of the quality characteristics using the optimal parameters obtained by the grey relational analysis.
Tribological Testing.
Wear depth and friction coefficient of heat-treated Ni-P-W coated specimens are measured using a multitribotester with block on roller configuration (DUCOM, TR-25) under nonlubricated condition at an ambient temperature of about 25 ∘ C and relative humidity of about 85%. The Ni-P-W coated specimens serve as test specimens which are held horizontally against a rotating roller of 50 mm diameter × 20 mm thickness. The schematic diagram of the tribotester apparatus is described elsewhere [26] . The photograph of the arrangement of the specimen against roller is given in Figure 2 . The steel roller is coated with titanium nitride of hardness 85 HRc, which is higher than the hardness of the Ni-P-W coated specimen (42 HRc) in order to ensure that the wear will take place only in the test specimens. Weights are placed on the loading platform which is attached at one end of a 1 : 5 ratio loading lever so that the actual applied load at the contact becomes 5 times the weight placed on the loading pan. The loading lever is pivoted near the normal load sensor and carries a counter weight at one end while at the other end the loading pan is suspended for placing the dead weights. The frictional force is measured by a frictional force sensor that uses a beam type load cell of 1000 N capacity. Wear is measured in terms of displacement with the help of linear voltage resistance transducer. It is worth noting that, in general, wear is measured in terms of wear volume or mass loss. But, in the present case, wear is expressed in terms of displacement or wear depth. Hence, to ensure that the wear measurements are accurate, the displacement results for wear are compared with the weight loss of the specimens and almost linear relationship is observed between the two for the range of test parameters considered in the present study. The speed of the roller and the duration of tests can be controlled via a computer attached to the tribotester. The values of the tribological test parameters for friction and wear tests are shown in Table 2 . The experimental results for coefficient of friction and wear depth are shown in Table 4 .
Structural Aspects and Composition Study.
The characterization of the coating is essential to make sure that the coating is properly developed. In the present study, surface morphology of the coating is observed through scanning electron microscope (SEM) (FEI Quanta 200) in order to analyse the microstructure of the heat-treated deposits. SEM is also done after the wear testing to see the pattern of the sliding tracks in order to predict the wear mechanism. Energy dispersive X-ray analysis (EDAX Corporation) is performed to determine the composition of the coating in terms of the weight percentages of nickel, phosphorous, and tungsten. The different precipitated phases of heat-treated specimen are identified with the help of X-ray diffraction (XRD) analysis (Rigaku, Ultima III).
Result and Discussion
As discussed earlier, wear depth and friction coefficient of 27 heat-treated Ni-P-W coated specimens are measured using a multitribotester and the experimental values are shown in Table 4 . The variation of coefficient of friction with sliding time can be better understood from Figure 3 . It is observed that at the initial stage coefficient of friction increases rapidly; then for the rest of the time it remains more or less constant. Now to combine the effect of both responses, that is, wear depth and friction coefficient, the grey relational analysis is performed. The following methodology is used to obtain the grey relational grade.
Normalizing the Responses.
The normalization procedure involves the aim of the experiment, whether the response variables are to be minimized or maximized. Here both wear depth and coefficient of friction (COF) are to be minimized so the following lower the better formula is used to normalize both responses:
where ( ) is the normalized value, min ( ) is the smallest value of ( ) for the kth response, and max ( ) is the largest value of ( ) for the kth response, with being 1 (COF) and 2 (wear depth). Larger normalized results correspond to the better performance and the best normalized result should be equal to 1.
Grey Relational Coefficients.
Grey relational coefficients are calculated to express the relationship between the ideal (best = 1) and the actual experimental results. From the normalized values, the grey relational coefficient is calculated using the following equation:
where Δ 0 = ‖ 0 ( ) − ( )‖ is the difference of the absolute value between x 0 (k) and x i (k) and Δ min and Δ max are, respectively, the minimum and maximum values of the absolute differences (Δ 0 ) of all comparing sequences. Here, r is the distinguishing coefficient which is used to adjust the difference of the relational coefficient, usually ∈ {0, 1} [25] . The distinguishing coefficient weakens the effect of Δ max when it gets too big, enlarging the different significance of the relational coefficient. The suggested value of the distinguishing coefficient, , is 0.5, due to the moderate distinguishing effects and good stability of outcomes. Therefore, is adopted as 0.5 for further analysis in the present case. All the normalized values and grey relational coefficients are shown in Table 5 .
Generation of Grey Relational Grade and Ordering.
The overall multiple response characteristics evaluation is based on grey relational grade which is calculated from the data obtained in the previous step using the following equation: where is the number of process responses. Finally, the grades are considered for the optimization of multi-response parameter design problem. The value of grey relational grade is shown in Table 6 .
Analysis of Grey Relational
Grade. The grey relational grade serves as the overall performance index. Thus, the higher value of grey relational grade indicates better performance. Now to find out the effect of each level of each individual factor on the grey relational grade a response table of grey relational grade is generated which is shown in Table 7 . This is possible because the experimental design is orthogonal and the effect of each design parameter at different levels is separable. For example, the mean of grey relational grade for design factor A at level 1 can be calculated by taking the average of the grey relational grade for the experiments 1-9, because for the first 9 experiments in the OA each row of the column assigned to A contains level 1. The mean of the grey relational grade for each level of each of the design parameters can be computed in a similar manner. In addition, the total mean of the grey relational grade of the twenty-seven experiments is also calculated, as shown in Table 7 . The response table also contains ranks based on the delta values. The delta value is calculated by subtracting the lowest value from the largest from among the values in each column. Basically, a design factor with a large difference in the grey relational grade from one factor setting to another indicates that the factor or design parameter is a significant contributor to the achievement of the performance characteristic. From the response table it is found that the sequence of significance of the design parameters is time, load, and speed, respectively, in controlling the friction and wear characteristics of Ni-P-W coatings. The main effect plot and interaction plots are shown in Figures 4 and 5 , respectively. The main effect plot gives a rough idea about the relative significance of the parameters on the system response. If the plot for a particular parameter has the highest inclination, then that parameter has the maximum significance, whereas the plot which is near horizontal has no significance. So from Figure 4 it is clear that time (C) and load (A) have the most significant effect on the tribological behaviour of Ni-P-W coating whereas speed (B) has little significance. The plot also shows that with the increase of load and time separately the grey relational grades decrease, and hence coefficient of friction and wear rate increase. Thus, at lower levels of load and time, coefficient of friction and wear characteristics of heat-treated Ni-P-W coating show better result. This observation is in good agreement with earlier studies [11, 12] . But, with the increase of speed from level 1 to level 2, the grey relational grade increases and reaches the maximum value at level 2 then it decreases to level 3. It means that the tribological characteristics, that is, coefficient of friction and wear characteristics, show a better result at middle level of speed within the range of speeds considered in the present investigation. But the most interesting observation is the behavior of tribological characteristics when two factors are varying simultaneously. This can be understood from the interaction plots. The influence of interaction between two parameters is determined on the basis of intersection of lines in the interaction plots. From Figure 5 it can be observed that the interaction between load (A) and speed (B) has the most significant influence on the tribological characteristics.
The main effect plot also gives the optimal combination of design parameters for minimum friction and wear. The larger the grey relation grade is, the closer the product quality will be to the ideal value. Hence, the optimal combination of parameters is found to be A1B2C1.
Analysis of Variance (ANOVA).
The significance of any parameter is dependent on the variance ratio. The variance ratio is commonly called the F-statistics which may be defined as the variance of the factor divided by the error variance. The variance of each factor is determined by the sum of the square of each trial sum result involving the factor, divided by the degrees of freedom of the factor. The analysis of variance [27] is performed using MINITAB [28] software. The tables for various significance levels and different degrees of freedom are available in most handbooks of statistics. If the calculated F-value is larger than the tabulated F-value, then the factor is considered as a significant factor. The ANOVA results shown in Table 8 revealed that all the individual design factors have the significant influence and among the interactions, load versus speed has significant influence in controlling the tribological properties. The ANOVA table also shows the percentage contribution of the individual factors and their interactions in controlling the tribological behaviour of Ni-P-W coating.
3.6.
Microstructure Analysis. Figure 6 shows the SEM micrograph of Ni-P-W coatings heat-treated at 400 ∘ C. It is clear that the heat-treated coating consists of large globules without any porosity and mainly coarse grained structure is observed. Figure 7 shows the SEM micrograph of worn surfaces. From the images it is clear that the load is taken by some of the peak globules where the other peaks remain intact. The wear mechanism is generally mild adhesive in nature because no plowing effect or abrasive particle is observed on the worn surface. Material removal in patches is noticed in SEM images. Moreover, the amount of weight loss of the specimens due to wear corroborates the mild adhesive wear to be predominant. Figure 8 shows the EDX spectra of the coated surface. Tungsten content in terms of weight percentages is found to be in the range of 5-6% and phosphorus content is in the range of 8-10%, while the remaining is mostly nickel. Figure 9 shows the XRD plot of the coatings at heat-treated condition. From the figure it is seen that the heat-treated coating has broad crystalline peak and produced crystalline phases. The major crystalline peaks are Ni-W and Ni 3 P.
Validation Study
Once the optimal level of design parameters has been found out, the final step is to verify the improvement of the performance characteristic using the optimal level of the process parameters. The estimated grey relational gradeû sing the optimal level of the process parameters can be calculated aŝ=
where is the total mean grey relational grade, i is the mean grey relational grade at the optimal process parameter level, and is the number of the main design process parameters that significantly affect the tribological characteristics of Ni-P-W coating. Table 9 shows the comparison of the estimated grey relational grade with the actual grey relational grade using the optimal parameters. The improvement of grey relational grade from initial to optimal condition is 0.416358, which is about 78% of the mean grey relational grade, and it is a significant improvement.
Conclusion
Ni-P-W coatings are developed on mild steel substrates by electroless deposition and tested for friction and wear behavior in a multitribotester using block on roller configuration under dry conditions. The design parameters (load, speed, and time) are optimized in order to minimize friction and wear of the coatings. Grey relational analysis is successfully employed in conjunction with Taguchi design of experiments to optimize this multiple response problem. The optimal combination of coating parameters is obtained as A1B2C1, that is, the lowest levels of load and time and the middle level of speed. ANOVA result indicates that all the individual design factors have the significant influence and among the interactions, load versus speed has significant influence in controlling the tribological properties. From the EDX analysis it is clear that the coating is pure ternary and consists of nickel, phosphorous, and tungsten. The XRD plots reveal that the coating is a mixture of amorphous and crystalline structure with Ni-W and Ni 3 P as major compounds after heat treatment. From the surface morphology captured by SEM it is seen that there are many globular particles on the surface of the substrate with no surface damage. Also the coating is dense and with low porosity. The pattern of the sliding tracks showed that mild adhesive wear is the predominant wear mechanism.
